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ABSTRACT i

No adequate systems were found in a literature search that would
permit direct measurement of human budy segments' angular acceleration
and muscle forces related to these accelerations which would allow
application of analytic mechanics to the human motion problem. There- k :
fore, a new system was designed and analyzed to provide accurate
measurement of the body segments' motion directly by use of angular

'
\’
e et e . e
.

accelerometers, -\

/'/

| The basic elements of the system are the #-celerometers, all i
Z electromyogram sensors, and a proportional bandwidth telemetry system PR

that allows the human performer to move about freely.

Verification of the system was accomplished by measurement of
angular accelerations of the arm and leg links during kip-up maneuvers.
Alignment of the accelerometers was achieved by an optical laser
technique. The acceleration signals, stored on magnetic tape, were
subsequently integrated to get rate and position in an inertial
reference frame. These positior data, obtained through integration,
proved to be sufficiently accurate when compared with synchronized
position data obtained from high speed motion picture film data.

ii




8

ity A=

REFERENCES .

TABLE OF CONTENTS

INTRODUCTION . . & & ¢ ¢ & v 6 o o o o o » &

Motivation.: « « « o o o ¢ o o « o o o @
Previous Related Research . . « . « ¢« &
Present Research., . . + ¢ ¢ ¢ ¢ ¢ ¢ o &

SYSTEM DESIGN. « « o v ¢« ¢ v ¢ o o o « o s &

ACCEleromRtel o v 1o o o s o 0 o 8 B o e
EMG and Preamplifiers . . . . . « . .

Telemetry SysttmMs o « o o o o o o « o o
System Errors . ¢ « o« o o o o ¢ o o o &

SYSTEM EVALUATION. . 4 v ¢ ¢ o o o o o o o &

Introductions ., « o o s o o o s o o o o
System Linearity end Frequency Response
Dynamic Evaluation. « « « & « o & & o+ &
Measurement Evaluation, . . « « + o+ + &

SUMMARY AND CONCLUSIONS. « o ¢ ¢ o o o o o @

Slmlnary.....-..........
Conclugions « « o o & o o 5 o & & B 4w

MOTION PICTURE AND TELEMETRY DATA, ., . . .
ACCELEROMETER DATA . ¢ ¢ ¢ o o o o o o o o &

TFLEMETRY SYSTEM . o &+ o ¢ ¢ ¢ ¢ o s ¢ o o &

iii

~ A et a9 T M N O B i b o N LT e e

[y

’ [}

b b s o

TR A

;v2§§&$ﬁhkﬁhégﬁ

-

——

VR AR W TR N SOy Yo |

Page

~ N ="
R N T i T A 5 e T

14
14

44
48

S0

50
50

60
70

70
71

74
79
81

86

e
A

s SRR Hoeh el

Rt

e e ot o L S i s B B b A ARSI LT AN

o 8 ~ O e i A D

——

~°




it ol B e teB.

CHAPTER 1. INTRODUCTION

Motivation

It is the goal of this effort to develop instrumentation and i
a scientific procedure that will enable collecting empirical data to
comprehensively analyze the human body motions and inhercnt forces

from which an optimal mathematical model may be generated. This thesis

o e e O

proposes employing an angular accelerometer to mcasure the accelera-
tion of the various body clements and transmitting this information by
telenetry to a remote' data processing point such that on-line data

evaluation can be accomplished. The optimal mode¢. is not the goal here.

R S S A b TS

The present emphasis is to establish feasibility of the method not to
arrive at the optimal model.

Earlier research associated with body motion utilized motion
picture film to obtain position data of the various body elements.
This source of data is inherently noisy and has a significant varia-ce.
Differentiation of these noisy data is required to obtain the necessary
rate and acceleration information for modeling the human motion. Inte-
gration of noisy data results in an improvement in the processed data.
Thus we should gather raw data that requirc only integration. This,

in theory, can be accomplished by measuring the higl.est dcrivative and

integrating. Because the highest deriyative required is that corre-

(i

sponding to angular acceliration, it is natural to obtain the raw data a
from an angular acceleromcter. These data can then be integrated to %
obtain accurate rate and position information. 1
1 )
3
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The ability to automate the data processing through the application /

A e

4 of the angular accelerometer reduces the human errors and decreases the

¢ i

{ manhours expended in data analysis of the motion picture film.

Earlier research efforts, relevant to body motion that were l
reviewed, failed to correlate body motion and the muscle forces that ]

generated the forcing function necessary to cause the body motion.

Hence, an apparent question that must be answered before modeling body

motion can be accomplished would be, what force magnitude generated by

what muscle group is manifested in pio>ducing a given acceleration?

By inclusion of electromyogram (EMG) sensors, monitoring strategic

s Y

muscle groups, these data can be supplied simultaneoisly with the

e P TR k= T et i i el S P T

{ acceleration uata thus enabling correlation of body motion and the

associated forces.

Previous Related Research

Literature Search

The Defense Documentation Canter (DDC) and the NASA Document
Center (STAR) were employed through a computer scarch for documents
related to human body motion studies and the instrumentation of such
studies. No time limit was placed on the documents origin and a

security classification through secret was requested. A broad spectrum

of descriptors vas used to insure retrieving any document remotely

———— related to the subject of the search. Various combinations of the
e . descriptors were used to give a thorough search. The hierarchy of
B descriptors used in this search-produced approximately 800 titles.

.‘? Of these 800 titles, only 30 of the abstracts proved to be even remotely

related to the subject.
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Related Research

The dynamics of the human body have intrigued the scientific
commvnity for & number of years. The efforts were, in essence,
directed toward a particular facet such as the variation of strength
during body movement. N. T. V. Geneesk {1] performed research in
1921 that was associated with forces in body motion. This research
proved relevant to NASA's space program and apparently contained valid
information concerning muscle strength., Because the end result of this
thesis is to develop equipment and an experiment that will enable
collecting data for an optimal model of the human body motions, it
would be noteworthy to make scme comments concerning Geneesk's results,
In the experiments reported, it was found that the muscle forces
build up rather sharply from age six to approximately age 22. At the
latter age, a gradual decline in muscle forces are experienced up to
age 60. These measurements were made from a good statistical cross
section of male and female subjects. Also, the strength of women,
observed from these data, tended to be approximately 60 percent that of
the male throughout the time span.

Another significant factor was the absolute strength figure of
5.6 kg/cm2 for the muscle where this is related to the cross-sectional
area of the muscle. This would be useful as a scalé factor in
physiometric data of a given subject relative to a generalized model.

As time progressed, computers began to play a part in the study
of human motions. N. Eshkol et al. [2] reported the development of a
computer program that assembled the human motion in a system of links

represeniing various joints and parts of the human body. However, this
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program merely produces the motions of the various parts of the body
by virtue of and within geometric boundaries such as cones, spheres,
planes, etc. Hence such kinematical stuay, by way of a ciiiode ray
display, enablec the analysis of the motion capabilities of the human
body.

Similarly, H. Calvity et al. [3) reported developing a differen-
tial equation model of the human body using a Lagrangian approach with
the ability to introduce specific torcing functions as an input to the
human system model. The object was to observe the effects of loads on i
the human body due to loads such as that incurred when firing an -1
rifle. Again the computer was utilized in the onalysis. The human
body system was modeled from static measurements and the dynamics
were generated by the computer. No measured dynamic data or system
of collecting the data was evident in this §tudy. J. Ramsey et al.

[4, 5] performed experii.nts in human body motion through the applica-
tion of a_ stereoscopic photographic technique. This approach has
apparent limitations and inherent inaccuracies because of the inability
to maintain a fixed reference frame. In those few documents related

to human body motion studies, no dynamic data were presented that
would lend itself to modeling techniques. Most of the related cfforts
dealt with specific functions or movements associated with performing

a simple task.

The lack of information in regard to the instrunenting of the i
human b-:dy for motion studies was more evident. E. Edwards [6] detailed
an experiment where two piezo-crystal accelerometers were attached to

the hand of a subject and the subject performed a simple tapping motion
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with a hammer. The motion was maintained in a vertical planc. A
erations and vclocities were measured during the expcriment. How
the measurements at most were qualitative because of the constant.
changing direction of thc local gravity vector as the acceleromcte
moved in the vertical plane.

¥, Hixson et al. [7] described a biotelemetry system for stud
of humans under zero g conditions, The experiment performed by the
Hixson ‘teaim required suspending a subject in a zero g environment a
measuring the physiological parameters of the subject. The zero ¢
environment was generated by flying a KC~135 jet aircraft through a
ballistic profile. The subject was strapped to a platfo:m instrumen
with acceleromctcrs and biomcdical sensors. The data from these
instruments were telcmetered to an on-board telemetry receiver syster
where the data were demodulated and stored on strip chart recordings.
The biomedical scnsors used in this cxpcriment produce signal levels
much lower in amplitude than those of the EMG sensors employed in the
current résearch. Also, the signals were periodic. Secondly, the
inertial sensors used in this cxpcriment were measuring the inertial
stability of the platform motion rather than A broad range of motion

that is expected in the current research, Therc are similarities

between the insti-iment system described by Hixson and thc one

devcloped by the author. Both systcms employ a proportional bandwidth

subcarrier type frequency modulation and :ariable frequency oscillators

as analog to frequency convcrters. However, the signal bandwidth and

signal dynamics of the current system will be more demanding than

thosc of the system described by Hixson.
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Summary of Related Rescarch

Earlier research in the area of measuring body motion and forces
incurred during the motion have not comprehensively exhibited the

optimal capabilities of the man machine.

A variation of the telemetry system described by W. Hixson [7]

will be used in this research although the idea was conceived before

reviewing the report. Hixson's efforts were concerned with measuring

respiration under a fixed inertial environment wherecby most of his

signal levels were relatively small., The paramecters in this research

arec the measurement of motion in an inertial reference frzme and the

forces generatirg these motions, However, it is advantageous to use

telemetry in extraeting data from the isolate’ test environment to
avoid extraneous signals and to free the moverment of the test subject.
The works of Geaneesk [1] imply that a figure of force car be

extracted from the motion and measurement on the muscles. Dynamometer

measureme.ts in conjunction with EMG measurements produced sufficient
evidence that EMG sensors can be used as a dynamic measure of muscle
forces and these sensors can be applied to study forces for any motion.

llence EMG signals will be used as a measure of muscle forces generated

during the body moticn.

In view of the limited work of N. Eshkol et al. [2] and H. Calvity

et al. [3] in the development of modeis from static measurements,

their only concern was with ranges of motions and the responses or
loads imposed on the body as the result of various forcing functions.
The related rescarch reviewed was not concerned with dynamic body

motions as applied to optimal modeling. Now technijues are developed

that will enable collecting accurate data such that an optimal model of

the man machine ¢an be realized.



Present Researeh

Human XMotion Model

The rigid body model of human motion used in this study is for
a subject performing a kip-up while suspended on a parallel bar,

The human motion model is simplified to a three-link system, and three
angles have been defined to describe the relative motion of the three-
link system (Figure 1). The forcing function that induees this motion
is described in terms of replacement of musele forees or the changing
angle (V) between the leg segment and the torso segment and angular
deviation (68) between the arm segment and the torso. A third angle
(), the 2ngle between arm segment and a reference line that is perpen-
dicular to the parallel bar, is the depende t variable and a generalized
coordinate, These angles are easily established in a reference frzme
for the photographic portion of the experiment. However, a transforma-
tion was used to establish the absolute angles between the three body
links and an inertial reference frame. Heuze, p= @, o= g - 6, and
V=« - § will describe the angles in the inertial frame and allow
correlation between the inertial frame angles and the relative angles
of the model.

For use in the equations of motion it will be neeessary to measure
the acceleration, velocity, and displacement of the relative .nree
angles. Figu;e 2 illustrates the model of the three-link system and
the relation between the two reference frames.

The forcing funetion producing the motion previously deseribed is

generated by voluntary musele forees in the thighs, hips, shoulders,



Figure 1.

Bar reference

frame
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and arms. These forces will be measured by electromyography. In the
optimization process, these six muscle force parameters will be employed
in producing a figure of work. It should be noted that those measure=

ments specified are not the only ones possible. Any portion of the
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bOdy that moves as a nearly rigid body in the inertial referenee frame

and has adequate space to mount a sensor ean be instrumented for rigid

body motion.

Feasibility

During the feasibility phase, the goal of this thesis, a single

angular accelerometer and one set of EMG electrodes were used to prove

the validity of the coneept set forth.

Future researeh will use a mini-

mvm of six angular aecelerometers and six sets of EMG electrodes.

Figure 2 illustrates the potential aeeelerometer and EMG mounting

positions necessary to collect the basie data already deseribed.

These

mounting points are tentative and future experimenters will have the

flexibility to position the sensors at will.

As previously mentioned, the single angular aceelerometer will be

mounted on the forearm and the EMG eleetrodes will be attached to the

upper arm museles.

By judieious placement of the

acceleration of any segment of the

accelerometer measures the angular

accelerometers, the angular
body ean be measured. The

acceleration of a particula

angular

r body

segment and these data are telemetered out of the test subjects environ-

ment over a single data channel.

two additional parameters can be realized:

and the angular displacement (e.g., ¢) of a given body link.

obtained by integration of the telemetered signal.

In summary

Through data processing off board,

the angular rate (e.j ., 5)

These are

, the

instrumentation system will be eomprised of EMG sensors, angular

accelerometers, telemetry, and analog eomputer.

diagrammatically the flow of data.

Figure 3 illustrates
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[

This particular approach is advantageous because 24 pieces of data
can be collected through six telemetry channels. This is achieved
without encumbering the test subject with a maze of wires comnecting
him to the outside world. Naturally, there will be leads from the 12
various sensors; however, these may be placed in contact with the skin
strface without impairir~ the subjects motion. The sensor leads, the
telemetry package that is mounted on the subjects lower back, and the
sensors wil) be the total external influence of the test environment.
The total weight of the system mounted on the test subject is

approximately 3 kg.

By using a telemetry system as a means of collecting data, the

data may be relayed directly to a remote computer site such that real

4 5 Sl R SN AT
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time data manipulations can be realized. This inherently provides
a means to store the data in a variety of formats,

The systems approach to collecting body motion data is certainly
a step forward in mechanizing and improving the accuracy of the data
whén compared to earlier endeavors. For example, this approach proves
to be quite advantageous over the photographic technique. The data
are subject to errors and therefore result in large errors in angular
speed and angular acceleration obtained by differentiating the noisy
data. Also, the photographic technique required analyzing each frame
to determine the motion and depended on accurate frame rates to deter-
mine the angular rates. The large number of measurer-.:nts required and
calculations consume many valuable manhours. In addition to the saving
in manhours, this relatively sophisticated system is estimated to be zt
least an order of magnitude more accurate than other techniques
employed in body motion studies. The accuracy of the system can be
demonstrated by inspecting the component errors and assimilating the
component errors in a comventional stutistical format such that a
figure of merit may be realized for the entire system. A theoretical
analysis was performed and compared with empivical data justifying the
feasibility of the angular accelerometer system and its accuracy.

There are conceivably four mechanizations to achieve the goals set
forth in thic thesis:

a) Use of linear accelerometers for the motion measurements is
impractical because the local gravity vector would produce an input to
the accelerometers as the relative position of the accelerometer
sensitive axis to the g vector varied with movement. This would entail

a very complex system just to remove the effects of the local gravity.
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SRS TOE SERG ST (A STy BSOS, U FEE B




o o mp o mPr g

—

e

-

YT T T NI T T, T TS SRR TR ML N ST TNy ey Y,

-

T W

ERARF Iy peasirs v s MBS e Tr— eowmw— -
B IR D R R e T I N AR O T, A R S R VR YR

13

b) Build a nechanical linkage with position sensors at each
joint such that the desired motions could be monitored by the sensor
at each link. This is possible but not very practical because the
subject's motion would be hindered by a maze of wires and linkages
and the data would still require differentiation.

c) The problems with the photographic technique have been
menticned.

d) Use of angular accele: ometers have none of the shortcomings
of the other methods, if the accelerometers have adequate dynamic
range.

Conceivably, the application of angular accelerometers, EMG
sensors, and telemetry data links should provide a system capable of
measuring the hrman body motion with an overall system inaccuracy of

about 2 percent.
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CHAPTER II. SYSTEM DESIGN

Accelerometer

Instrument Description

Inertial sensors are a means of detecting body motions in an
isolated enviromment. The angular accelerometer was selected because
measurements of angular acceleration and rate parameters of the
various links in the body system are required without the effects of
local gravity and the position of the detecting instrument on the link.

A Systron Donner model 4591 fluid rotor angular accelerometer (Fig-
ure 4) was selected because of its size and dynamic range characteristics.
Essentially, the device consists of a toroid filled with a fluid that
acts as a seismic mass, Flow of this fluid with respect to the toroid
or case provides a means of detecting the inertial forces on the device.
A servoed paddle is placed in the flow of the fluid hence physically
blocking the flow of thc fluid. Therefore, the cffort expended in
holding the paddle fixed, by servo action, against the flow of fluid is
a direct measure of the inertial reaction force oun the paddle due to
the acceleration. The fluid toroid (Figure 5) is in a plane normail
to the scnsitive axis and the paddle axis of rotation Is colinear with
the sensitive axis. The sensor is diagramatically sh.wn in Figure 6.
When the toroid is accelerated in a positive sense, as denoted by arrow
1 of Figure 6, the fluid produces a net force on the paddle at 2. The
force ac point 2 causes a displacement in the pickoff that in turn

14
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Figure 4. Model 4591 fluid rotor angular accelerometer

produces an crror signal at the input to the amplifier. The output of
the amplifier is fed into the torque coil which serves to drive the
paddle back to the null position relative to the case and pickoff.

The force generated by the torque coil acts to hold the paddle fixed

relative to the accelerometer case. Mlence the current necessary to

oo maan
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Figure 6. Basic block diagram of the flvid rotor angular
accelerometer
hold the paddle fixed against the fluid flow is proportional to the
force produce.. ‘. rocelerate the fluid or proportional to the angular

acceleration.

The transfer function of the mechanical and electrical components
of the accelerometer is
2
a“’n

2 2
i s+ 2gwnS + o,

1]

K

lo

[

The system can be assum~d to be a second-order low pass filter. The
gain iactor (Ka) of scale factor produces an output voltage across the

resistor RL proportional to the angular acceleration.

Instrument Selection Criterion

Due to the wide dynamic range of the body motion experiment and
the inability to establish an absolutely rigid reference for the

system, some compromises were required to obtain a cost effective
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system of sufficient accuracy. Some misalignmeut of the accelerometer
with respect to its pivot axis will occur. A sacrifice jn hysteresis
and resolution must be made to obtain the desired dynamic range from
the accelerometer. The inability to quite rigidly position the
accelerometer in its reference.frame is accepted for reduced weight
and constraints on the subject. For a thorough error analysis over
extreme ranges of motion, sets of measurements were selected that
would bé most representative.

It was coucluded from previous* film data of the wide dynamic
range kip-up motion that the arm link and the leg link of the body

system would be most descriptive in mounting errors and extreme ranges

of acceleration and position inputs. These mounting positions would
also allow evaluation of alignment procedures for the accelerometer.

A bracket was made to maintain the aligmment of an am link
accelerometer within 1 degree of arc during arm link measurements,
This required :10 special alignment procedures. However, the gimbal
bracket to mount the accelerometer to the leg should hold the aligmme:.t
only within 4 degrees of arc. The initial alignment for the leg
mount was accomplished with a laser to within 1 degree of arc.

During this feasibility study, only one accelerometer was used.
&he single accelerometer was rigi<iy attached to a bracket that had
simple rotation about the high bar (Figure 7). The bracket with the
accelerometer is strapped to the subjects forearm to couple the angular

acceleration of the subject to the accelerometer and still maintain

*
This work was performed by T. K. Ghosh, a Ph.D. candidate in
Engineering Science and Mechanics, and Dr. Boykin (to be published).
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Figure 7. High bar and arm bracket mounting

alignment accuracy. This mount for a single accelerometer allows
mounting the accelerometer to within 1 degree of arc and maintains this
alignment. Because of the potential misalignment errors in other

link mounts, the cross axis coupling and sensitivity to linear accecle-

ration were considered in the selection ¢f an accelerometer.,
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The dynamic range of the accelerometer was selected from data
collected earlier by photographic techniques (Figure 8). During this
earlier study, body accelerations and rates were determined from
sequential body positions in a series of pictures filmed at 60 frames
per second. From the data, it was determined that the lowest accelera-
tion would be 0.0l rad/sec-sec and the maximum acceleration would be
less than 150 rad/sec~sec. Hence, an accelerometer with a resolution
of 0.01 rad/sec2 and a maximum dynamic range of 200 rad/sec2 was
considered suitable for the required measurements. A 50 rad/sec2
accelerometer was available, but for this feasibility study the 200
rad/sec2 acceleronieter was chosen to insure sufficient range and
avoid saturation.

Since the maximum range of the accelerometer is predicated on
earlier data, only the scale factor for the accelerometer needs(}o be
specified. Since the available variable frequency oscillators that
will be used for the analog to frequency conversion have a + 2.5-Vdc
input range, the accelerometer scale factor will be selected

accordingly. Thus,

2.5 volts

Scale Factor (SF) = 3
200 rad/sec

or a 12.5-mv/rad/sec2 scale factor will nearly utilize the full
dynamic range of the variable frequency oscillators (VCO).

Threshold, resolution, and linearity are all predicated on the
instruments hy:teresis curve. This is discussed in the error analysis

section. For the body motion experiment, it was necessary to hold a
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. { 3 tight tolerance on hysteresis because of the subsequent integrations
|
- % necessary to obtain the rate and positions data. Angular rate and
.k _
4 angular displacement were extracted from the acceleration signal by
bf\
. F 5 integration on an analog computer, hence any offset resulted in errors
3 i
R ‘ that increase with time,
'h
3

These requirements were given foremost consideration in the

selection of an Inertial instrument alon; with secondary parameters
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such as noise, size, temperature coefficient, and power requirements.
The latter parameters are commonly state-of-the-art specifications
that can be readily obtained. These data led to selecting the Systron
Donner model 4591 angular accelerometer.

Error Analysis

The ideal accelerometer will have a linear input/output relation-
ship as depicted in Figure 9; however, because we must operate in the
real world where nothing is ideal, one must make concessions. Such is
the case with an accelerometer, The fluid rotor accelerometer has
imperfections just as any other mechanical device. The model 4591 has

a conventional second-order transfer function:

K w2
a n

1 824 2tws+ o
n n

where W, = 111 Hz, ¢ = 0.69, and Ka = 0.0204 volts/rad/secz. Because
the instrument operated in a reasonably constant environment, the
temperature coefficient of 0.03 percent of the voltage scale factor
does not contribute a significant error. Hence the parameters of the
accelerometer affected by temperature, namely damping and natural
frequency, will remain essentially constant. However, the paramount
errors are associated with the scale factor, its hysteresis and
linearity, and the mechanical aitributes such as stiction and pivot-
jewel friction. Table I contains the vendors pertinent specifications
to be used in the error analysis for the accelerometer.

The hysteresis and resolution error presents a composite picture
of the dynamics performance for the accelercmeter. This is illustrated

graphically by Figures 10 and 11. Line segment AOB of Figure 10
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Figure 9, Accelerometer input/output curve

represents the ideal straight line scale factor which is tangent to

the nonlinear characteristic at 0. Line segment A'OB' represents the ‘
actual scale factor which is a best fit line to the nonlinear
characteristic over full scale. Thus, an approximation to the ideal
scale factor is realized by using a best fitted straight line between
points A', O, and B'.
Employing this approximation, one can define a maximum non-
linearity discrepancy of amplitude d as shown in Figures 9 and 11.

By using the given nonlinearity figure of 0.l percent, it can be
\-
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Table I.

Accelerometer specifications

Ka Scale Factor
Hysteresis and Resolution
Noise

Bias

Cross Axis Sensitivity

Linear Acceleration
Sensitivity

Nonrepeatibility
Temperature Sensitivity:
Scale Factor
Bias

Nonlinearity

0.0204 volts/rad/sec”
0.05 percent full scale
2.5 mV rms

0.0002 vdc

3 mV/rad/sec2 (maximum)

0.9 mV/g

0.02 percent full scale

0.0242 percent/°F
0.00625 mV/°F

0.1 percent full scale

shown that the value for d is,

d = percent nonlinearity x full scale input

i (L se 072

s T 10° wadfizee

d = 0.2 rad/sec2 = 11.46 deg/sec2

which is a constant term with respect to time,

The entire scale factor

slope can shift because of the effects of the temperature, but the

nonlinearity characteristics remain essentially the same.

The scale

factor slope chunges can be as great as 0.024 percent/°F which is

negligible when the ambient temperature change over a test interval is

less than 1°F. For example,

ASF = SF X 1°F x temperature sensitivity
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OSF = 0.0204 volts/rad/sec? x 1.0°F x 0,024 percent/°F

e ]

ASF = 2.44 x 10-5 volts/rad/sec”

which is small compared to the dynamic razsolution of the accelerometer.
The hysteresis of the accelerometer encompasses the best fitted
straight line scale factor as illustrated in Figure 10 by the dashed
curve (cdef). That is, the hysteresis curve produces an envelope
about the best fitted straighti line scale factor. The hysteresis and
resolution value, given in Table I, is less than 0.05 percent of full
scale output (200/rad/sec2). Hence, the value for line segment OC 'in

Figure 10 is:

4

5x 10" x 2 x 102 rad/sec2 = 0.1 rad/sec2 5

Therefore, when the input to the accelerometer, around zero, is
increasing or decreasing, the output is in error by 0.1 rad/sec2 or
less. Altnhough the device can detect 'signals as low as 2 X 10-3
rad/secz, the absolute accuracy of the reading is only within

0.1 rad/secz. A more graphical illustration of the linearity and
hysteresis error effects may be shown by assuming the input accelera-
tion to be a sinusoid., This is an idealization of a leg's angular
acceleration during the kip-up. The output voltage error is a sum of
the scale factor curve errors or be = fe; + AﬂH. A worst case is

for the leg's acceleration to be near full scale so that the

nonlinearity voltage error is approximately

Ae. = d sin wt .

L

The voltage error due to hysteresis is approximately constant for
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this input and of the opposite sign of sin wt. That is,

He, = -h sgn (sin wt)

H

where h = 0,05 percent X SF = 0.1. Now
Aeo = AeL + AeH = d sin wt - h sgn (sin wt)
and the acceleration error is approximately
00 = A£°/SF = [d sin wt - h sgn (sin wt)]/SF 5

The error in angular rate and angle is obtained by integrating A8:

2
26 = (1/SF) [ [d sin wx - h sgn (sin wx)] dx
(o]

28 = (1/SF) ftft[d sin wx - h sgn (sin wx)]dxdt .
oo

Because the kip-up motion requires approximately 2 seconds, we take

t = 2, Figure 11 shows the shape of the errors over one period, and
Figure 12 illustrates the error in the hysteresis after the first
integration., Because of the sine nature of AeL, it is averaged out over
a complete period. Hence, the hysteresis is the most important error
source. Figure 13 shows the second integration of the hysteresis

acceleration error which grows parabolically with time. Evaluation of

the integrals for the rate error and position erréor due to the
hysteresis show that
Aéﬂ = 0.1 rad/sec = 5.7 deg/sec
max
and
ABH = 0.1 rad = 5.7 deg P
t=2
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Figure 12. First integration Figure 13. Second integration
(GH) hysteresis (GH) hysteresis

error error

The noise value given in Table I is 2.5 nV rms. This nolse is assumed
white and the integration process will essentially filter out the
noise. Thus, the noise will be ignored in the error analysis.

The bias, given in Table I, is gererally affected by temperature
changes or reflects shifts in the scale factor curve from turn-on to
turn-on. However, bias is essentially constant once the accelerometer
is in operation and the ambient temperature is relatively constant.
The bias value given will produce an offset equivalent to 9.8 X 10-3
rad/sec2 which s insignificant. Also, this level can be nulled out
at the input to the analog computer because of the bias stability.
Because it is assumed that the ambient temperacure is stable within
1°F during the test period, it may be shown that the bias sensitivity
to temperature is insignificant. Repeatibility, i.e., the repeatibil-
ity of zero voltage after an acceleration is removed, is given in
Table I to be only 0.02 percent of full scale or 0.04 rad/secz.
Because this error source is bounded by the hysteresis and-is much

smaller, it is masked by the larger error and is insignificant.
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The sensitivity of the accelerometer to linear and off-axis angular

accelerations was investigated., Misaligmnment of the accelerometer will
introduce some off-axis angular acceleration and linear accelerations
are always present. This error resulting from misalignment is caused
by imperfections within the accelerometer and is not related to the
resolution problem caused by misalignment. Figure 14 illustrates the
simple pendulum and the type of error angles associated with the mis-
alignment. The high bar (POT) and the pendulum arm (0B) establish one
plane, then OB and BB' establish a normal plane, It is desirable to
align the.sensitive axis (AB) of the accelerometer perpendicular to
the plane OB-BB' and in the plane POT-0B. However, due to the flexi-
bility of the human limbs and slight initial misalicnments, it is
virtually impossible to accomplish the ideal alignment. Therefore,
error angle € corresponds to misaligmnment of AB in the plane POT-0B,
and error angle € is for misalignment of AB out of the plane POT-OB.
Even if the accelerometer is perfect, these misalignment angles
introduce an error in the measured acceleration equivalent to the
cosine of the misalignment angle. However the misalignment errors
also cause coupling under dynamic conditions by accelerometer imper-
fections. The angular accelerations induced off-axis are the sines
of the angles multiplied by the actual pendulum's angular accelera-
tion, 6. This gives an error in the indicated angular acceleration
of A5CA= 6 sin € (3 mV/rad/secz)(0.0S rad/seczlmV). Since e is
less than 0.05 rad and the cross axis sensitivity of 3 mV/rad/sec2

is the maximum, then 29 < 0.0075 §. This error is less than 1

CA

percent of the actual acceleration.
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Figure 14. Simple pendulum misalignment angles

The error induced by sensitivity to linear acceleration is

AéLA = (0.9 mV/g)(0.05 rad/secZ/mV)aL

vhere a_ is the linear acceleration of the accelerometer in g's. For

a 6-foot kip-up performei, the maximum acceleration is always less

than 10 g's at 50 rad/sec2 and is less than 2 g's for all but 10
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percent of the time of motion. Thus,

08 < 1.35 rad/sec2

)
max
for the maximum expected angular acceleration of 150 rad/sec” and

Pa'e) < 0.09 rad/sec2

4)
most of the time of motion, These errors are less than 1 percent of
the actual angular acceleration. Hernce, if the misalignment can be
maintained within +3 degrees, the measured acceleration should be in
error by less than 2 percent of the actual acceleration.

A test plan was devised to evaluate the critical parameters of the
accelerometer on an oscillating rate table, After a few test points
wvithin caci test section, it was evident that the performance of the
accelerometer was superior to that of the oscillating rate table, The
data collected indicate that the accelerometer is better than the

vendor specifications.

EMG and Preamplifiers

EMG and Preampliifier Description

The EMG electrodes originally were part of a system to measure
muscle fcrce signals., The EMG electrodes are mounted at strategic
points on the muscle group such that a differential force signal can
ba detected. The electrode element is recessed in a cup-like arrange-
ment such that the cup can be filled with a saline~-surgical jelly
material to enable a good electrical circuit when brought in contact
with the skin. The common element of the differential pair of

eleccvodes is placed at a bony neutral point relative to the two
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active elements. The bony point.is nevtral because of little.muscle
activity in its area. Uue to the very low currents generated in the
electrodes, signal detection requires a very high input impedance
differential amplifier.~ ‘

Design Considerations

During preliminary studies, it was assumed that the signal levels
from the electrodes would be in the microvolt region. However, this’
was found to be only partly true. During this preliminary study, the
only information available concerning the EMG signal characteristics
was that shown in Figures 15, 16, and 17.* These power spectral density
curves only present.a normalized amplitude and frequency spread.
Therefore, it was.necessary.to develop data that would show how the
signal level varied with the duration of time because electrode
mounting, variation in signal level from mounting to mounting, and the

actual signal bandwidth.

FOWER IN 2-Hz BANDS {percent)

BAND CENTER FREQUENCY.(Hz}

Figure 15. Biceps rested EMG power spectra

*
This unpublished work performed by Dr, K. Kilpatrick at the University
of Michigun,
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EMG POWER IN EACH 2-Hz BAND (percent)

7
PRE EXERCISE
s -
- BICEPS
5 |- = == NECK EXTENSORS

= . DELTO!D (M.H.)

POST EXERCISE

0 10 20 30 40 50 60 70 80
BAND CENTER FREQUENCIES (Hz)

Figure 17. Average spectra before and after fatigue exertions

The composition of the unprocessed signal appeared to be rather

random as can be seen in Figure 18.
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! ; Figure 18. EMG signals with t’:e muscle under load

However, an oscilloscope with a variable pass band differential
preamplifier was used to obtain a qualitative figure for the frequency
content of the signal (Figure 19). Approximately 90 percent of the

signal information is contained in the band of frequencies from O to
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1000 Hz. Also, the pass band for the EMG signals will b~ limited in
some cases by the telemetry discriminators' low pass filters. Although
the spectral density information indicates that a pass band of 200 Hz
would be adequate, it was concluded that an EMG preamplifier pass band
of 2000 Hz, which was easily obtainable, would be used.

After establishing a pass band for the EMG electrodes, it was
necessary to determine the variation of signal level with time, The
electrodes were mounted at time to as illustrated in Figures 20 and 21.
Also, a preamplifier with a pass band of 2000 Hz and a gain of 1.8 ¥«
104 was used to amplify the EMG signals to a useable level. Figure 22
shows a schematic of this amplifier. At various intervals after the
electrodes were mounted, the muscle group w.s loaded with a 11,3-kg
weight (Figure 23) at an angle of approximately 15 degrees. During the
interval of the loading, the signal was averaged, in amplitude only,
on a storage oscilloscope. This process was repeated for periods up to
12 hours (Figure 20). There is quite a spread in the data points which
may be attributed to variations in mounting the electrodes, approxima-
tions in the loading angle, and the tone of the muscles being-monitored.
The variation in mounting emmanated from skin surface condition, the
amount of ccnducting jelly used, and the quality of the contact made
when the electrodes were mounted. The skin was dry and clean at the
time the electrodes were mounted but other urknown factors could be
involved in the mounting process. The amount of jelly used is purely
arbitrary. The jelly is squeezed into the electrode cavity such that
the cavity will be void free when the electrode is pressed into place
against the muscle group. Also, it is desirable to avoid an overflow

of the jelly when the electrode is mounted.
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